N-type calcium channels are modulated by acute and chronic ethanol exposure in vitro at concentrations known to affect humans, but it is not known whether N-type channels are important for behavioral responses to ethanol in vivo. Here, we show that in mice lacking functional N-type calcium channels, voluntary ethanol consumption is reduced and place preference is developed only at a low dose of ethanol. The hypnotic effects of ethanol are also substantially diminished, whereas ethanol-induced ataxia is mildly increased. These results demonstrate that N-type calcium channels modulate acute responses to ethanol and are important mediators of ethanol reward and preference.
Introduction
Voltage-gated calcium channels (VGCCs) are multimeric protein complexes that mediate Ca 2ϩ entry into neurons in response to changes in membrane potential and regulate neuronal excitability, neurotransmitter release, and gene expression (Dunlap et al., 1995; Ghosh and Greenberg, 1995) . They have been classified as L, N, P/Q, R, and T type according to their electrophysiological and pharmacological properties (Dunlap et al., 1995) . The principal defined role for N-type calcium channels, along with P/Qtype channels, is in the regulation of evoked neurotransmitter release (Reid et al., 2003) . The function of N-type channels is inhibited by ␤␥ subunits of heterotrimeric G-proteins (Feng et al., 2001) . Accordingly, N-type channels are regulated by several neuropeptides, neuromodulators, and neurotransmitters that bind to G-protein-coupled receptors, such as opioids, cannabinoids, and dopamine (Twitchell et al., 1997; Momiyama and Koga, 2001; Kitamura et al., 2002) .
There has been extensive research into the role of L-type calcium channels in mediating the behavioral effects of ethanol, driven primarily by the widespread availability of high-affinity antagonists for these channels (Little, 1995) . For example, dihydropyridine nimodipine inhibits both the acquisition and expression of ethanol self-administration (De Beun et al., 1996; Kuzmin et al., 1999) and prevents the inhibitory effects of ethanol on memory in radial arm maze and object recognition tests (Brooks et al., 2002) . L-type channel antagonists also reduce alcohol withdrawal seizures in rodents (Watson and Little, 1999) .
In addition to effects on L-type channels, ethanol inhibits Nand T-type calcium channels in neural cells (Walter and Messing, 1999) . In PC12 cells, ethanol inhibits N-type channels (Solem et al., 1997) , and chronic ethanol exposure increases the density of binding sites for the N-type channel antagonist -conotoxin GVIA in PC12 cells and in the frontal cortex and hippocampus of mice (McMahon et al., 2000) .
Despite the cellular and molecular data indicating that ethanol modulates N-type calcium channels, it is not known whether this interaction contributes to the behavioral effects of ethanol. Currently, available peptide inhibitors of N-type calcium channels, such as -conotoxin GVIA, have poor blood-brain barrier permeability and produce tremors and motor impairment when injected intrathecally into mice, limiting their use in behavioral experiments (Olivera et al., 1994) . Thus, we chose a genetic approach by studying ethanol responses in mice that carry a null mutation in the calcium channel subunit Ca v 2.2 and therefore lack functional N-type calcium channels (Kim et al., 2001) . Ca v 2.2 null mice develop normally with no overt phenotypic abnormalities. In dorsal root ganglion cultures from Ca v 2.2 null mice, the level of L-, P/Q-, and R-type calcium channel currents are unchanged compared with wild-type neurons, indicating a selective absence of N-type channel activity that does not alter the function of remaining VGCCs (Kim et al., 2001) .
Here, we report that mice lacking N-type calcium channels show altered ethanol conditioned place preference and taste aversion, reduced ethanol consumption, and altered ataxic and hypnotic responses to acute ethanol administration. Our findings indicate an important role for N-type channels in the reinforcing and rewarding properties of ethanol.
Materials and Methods
Mice. The generation of mice lacking Ca v 2.2 by homologous recombination has been described previously (Kim et al., 2001 ). Briefly, a targeting vector was created by replacing part of the IS3 region of the mouse Ca v 2.2 gene with a green fluorescent protein-Neo cassette. J1 embryonic stem cells containing the mutation were identified and injected into C57BL/6J host blastocysts to generate chimeras, which were then bred with C57BL/6J females to detect germ-line transmission of the null allele. Chimeras were crossed with 129/SvJae mice to generate an inbred line of mice carrying the null mutation. Chimeras were also backcrossed for 10 generations with C57BL/6J mice to generate a line of N10 C57BL/6 mice carrying the null mutation. Wild-type and null mice used in the experiments described here were F1 generation hybrids (50% C57BL/6J and 50%129/SvJae). The genetic background of these mice was homogenous because they were generated by crossing heterozygous inbred 129/SvJae mice with heterozygous N10 C57BL/6 mice. The phenotype we observed with these hybrid mice was confirmed in some experiments using mutant and wild-type mice on the inbred 129/SvJae background, because the phenotype of mutant mice can vary with genetic background (Bowers et al., 1999) .
Genotyping of pups was performed by PCR from a tail sample at 8 -12 d of age (Kim et al., 2001 ). Mutant and wild-type mice were housed together in standard Plexiglas cages with food and water available ad libitum. The colony room was maintained on a 12 hr light/dark cycle with lights on at 6:00 A.M. Mice were between the ages of 2 and 6 months at the time of testing. Animal care and handling procedures were in accordance with institutional and National Institutes of Health guidelines. All experiments were performed with male mice. Naive mice were used for twobottle choice drinking, place preference, taste aversion, and rotarod tests. Mice for loss-of-righting reflex assays were the same as those used in voluntary ethanol drinking experiments, with a 3 week gap between their final day of ethanol consumption and loss-of-righting reflex testing.
Loss of righting reflex. Mice were given an intraperitoneal injection of ethanol (3.6 gm/kg in 0.9 w/v saline) and then assessed for loss of the righting reflex, which was defined as a mouse being unable to right itself three times within 30 sec. After losing the righting reflex, mice were placed on their backs, and the time taken for them to regain the righting reflex was measured. A mouse was said to have regained the righting reflex when it was able to right itself three times within 30 sec. A blood sample was taken from the tail of each mouse when it regained the righting reflex to determine blood ethanol concentration. Blood was centrifuged at 10,000 ϫ g, and serum blood alcohol concentration was determined using an Analox AM-1 analyzer (Analox Instruments, Luneburg, MA).
Ethanol-induced loss-of-righting reflex threshold. We determined the threshold concentration of ethanol required to induce a loss of the righting reflex using the "up and down" method (Dixon, 1965; Findlay et al., 2002) . A mouse was given an intraperitoneal injection of 10% v/v ethanol in saline and 5 min later tested for a loss of righting reflex Ͼ1 min in duration. If the first mouse lost the righting reflex, then the next mouse was given a lower ethanol dose. If the first mouse did not lose the righting reflex, then the next mouse was given a higher dose. The log dose interval was 0.0138, corresponding to an ϳ0.1 gm/kg difference between doses. The ED 50 value was determined as described previously (Findlay et al., 2002) , with 95% confidence intervals determined by the following equation: 95%CI ϭ dosing increment ϫ square root of (2/n) ϫ 1.96, where n is the last n trials (6) and 1.96 reflects the 0.05 ␣ level (Dixon, 1965) .
Alcohol clearance. Mice were given intraperitoneal injections of 4 gm/kg ethanol in 0.9% (w/v) saline. A 20 l blood sample was taken from the tail at 10, 30, 60, 120, and 180 min after the ethanol injection to determine blood ethanol concentrations.
Rotarod. Mice were trained to remain for 180 sec on a rotarod apparatus (Ugo Basile Biological Research, Varese, Italy) rotating at a fixed rate of 20 rpm. The first test session was performed the following day. During a test session, each mouse was placed on the rotarod, and the time taken for the animal to fall off the rod was recorded. Mice were then given intraperitoneal injections of ethanol and retested every 15 min for 1 hr. Mice were tested on a fixed-rate rotarod after 1.5 gm/kg ethanol in the first test session, then 2 gm/kg ethanol 3 d later. After an additional 3 d, they were tested on an accelerating rotarod (4 -40 rpm over 300 sec) after administration of 2 gm/kg ethanol.
Preference drinking. Baseline fluid consumption was monitored by allowing the animals access to two bottles, both containing water only, for 4 d before the experiment. Mice were then allowed ad libitum access to two drinking bottles, one containing ethanol solution and the other containing water. Bottles and mice were weighed every 2 d to monitor consumption. The side of the cage on which the ethanol bottle was presented (left vs right) was switched every 2 d. Ethanol concentration was increased every 4 d. Data were compared by two-way ANOVA with a repeated measure for ethanol concentration and a factor for genotype. To control for possible differences in taste preference, the same protocol was followed for saccharin and quinine solutions, except that mice were allowed 2 d access to each concentration, and the side on which the tastant was presented was switched daily. The same mice that had been used to assess voluntary ethanol consumption were used in this control experiment. Ethanol, quinine, and saccharin solutions were made in tap water.
Place conditioning. Conditioning was performed using an apparatus consisting of different colored (black vs white) test chambers separated by a central gray access chamber (Med Associates, St. Albans, VT). Floor textures (black side with rod floor vs white side with grid floor) were also different between test chambers. Before conditioning, mice were habituated to the apparatus by allowing them ad libitum access to all chambers for 30 min. Both wild-type and Ca V 2.2 null mice spent more time in the black chamber compared with the white chamber. Of the total time spent in the two conditioning chambers, wild-type mice spent 57% and null mice spent 53% in the black side during the habituation session. Because the magnitude of this preference for the black side was small and was not significantly different between the two genotypes ( p ϭ 0.089; two-tailed t test), we used an unbiased protocol for conditioning (Risinger et al., 2001; Dickinson et al., 2003) . Mice were conditioned to ethanol (1.2, 2.0, or 2.8 gm/kg v/v in 0.9% saline, i.p.) in one test chamber and saline in the other. The ethanol-paired chamber was assigned randomly across subjects. Animals were trained with ethanol every other day (4 d ethanol, 4 d saline), with two rest days halfway through training. Individual training sessions were for 5 min. The day after their final training day, mice were tested for conditioned place preference by allowing them 30 min of ad libitum access to all chambers. Data were analyzed separately for each genotype and dose, with the time spent in the ethanol-paired chamber compared with the time spent in the saline-paired chamber, by a Wilcoxon signed rank test. Conditioned place preference was defined as spending significantly more time in the ethanol-paired chamber compared with the saline-paired chamber on the test day.
Conditioned taste aversion. This procedure was performed according to established protocols (Risinger and Boyce, 2002; Chester et al., 2003) . Animals were housed singly and acclimatized to limited water access by allowing them access to water for decreasing periods of time (10, 8, 6 , and 4 hr per day on subsequent days), followed by 2 hr daily access for 1 week. After acclimatization, they were placed on the conditioning schedule consisting of 1 hr access (1:00 to 2:00 P.M.) to the conditioned stimulus [CS; a solution of 1.2% (w/v) saline], followed immediately by a saline (0.9% w/v) injection. Later that same day (7:00 to 8:00 P.M.) they were allowed access to drinking water. The following day they were allowed 2 hr of access to drinking water (1:00 to 3:00 P.M.). This 2 d procedure constituted a single trial and was repeated seven times to establish baseline consumption levels of 1.2% NaCl. Seven additional trials were then conducted using a 2 gm/kg ethanol injection in place of saline. Because consumption did not change during the saline trials, results were averaged for all eight saline trials and treated as a single value for statistical comparison with the seven ethanol trials by two-way ANOVA with factors for trial and genotype.
Results

Reduced response to the hypnotic effect of ethanol in Ca v 2.2 null mice
To measure responses to acute ethanol administration, we measured loss of the righting reflex induced by ethanol (Fig. 1 A) . Ca v 2.2 null mice lost their righting reflex for a significantly shorter duration when compared with wild-type littermates ( p Ͻ 0.05; two-tailed t test). Blood alcohol levels when mice regained the righting reflex (Fig. 1 B) were significantly higher in Ca v 2.2 null mice compared with wild-type mice ( p Ͻ 0.05; two-tailed t test). Differences in loss of righting reflex duration may reflect altered initial sensitivity or altered development of acute tolerance to ethanol. To specifically assay for differences in initial sensitivity, we determined the threshold dose of ethanol required to produce a loss of the righting reflex in the two genotypes. The threshold dose in Ca v 2.2 null mice was significantly higher than in wild-type mice (Fig. 1C) . There was no difference between the genotypes in the clearance of ethanol from the blood after injection of 4 gm/kg ethanol, demonstrating that Ca v 2.2 null mice do not show altered ethanol metabolism (Fig. 1 D) . These results show that the hypnotic effect of ethanol is reduced in Ca v 2.2 null mice.
Increased ethanol-induced ataxia in Ca v 2.2 null mice Studies using inbred mouse lines have shown that the level of response to hypnotic and ataxic doses of ethanol are not directly correlated (Dudek and Phillips, 1990; Pucilowski et al., 1996) . We measured the response to lower, ataxia-inducing doses of ethanol using a rotarod apparatus. All mice were successfully trained to stay on a fixed-rate (20 rpm) rotarod for 180 sec after two to three trials. Mice of both genotypes showed a similar decrease in latency to fall from the fixed-rate rotarod after injection of either 1.5 or 2 gm/kg ethanol (Fig. 2 A, B) . To increase the difficulty of the test, we also examined mice placed on an accelerating rotarod after injection of 2 gm/kg ethanol. Before injection, all mice were able to remain on the accelerating rotarod, but after ethanol injection, Ca v 2.2 null mice showed a shorter latency to fall compared with wild-type mice (Fig. 2C) . A two-way ANOVA with a between-subjects factor for genotype and a repeated measure for time showed an effect of genotype (F (1,68) ϭ 8.32; p Ͻ 0.01) and time (F (4,68) ϭ 10.594; p Ͻ 0.001), with an interaction between these factors (F (4,68) ϭ 4.25; p ϭ 0.004). Post hoc Tukey tests showed a significant difference (*p Ͻ 0.05) in latency to fall between wild-type and Ca V 2.2 null mice at 15 and 30 min after injection.
Ethanol consumption and preference are reduced in Ca v 2.2 null mice
Because antagonists of L-type calcium channels reduce ethanol consumption in several animal species (Rezvani and Janowsky, 1990; Rezvani et al., 1991; Fadda et al., 1992; De Beun et al., 1996) , we wanted to assess ethanol self-administration in mice that lack N-type channels. We assayed voluntary ethanol selfadministration using a two-bottle choice paradigm in which mice are allowed ad libitum access to ethanol and water presented in separate bottles concomitantly. Ca v 2.2 null mice drank less ethanol than their wild-type littermates (Fig. 3A) . Two-way ANOVA with a between-subjects factor for genotype and a repeated measure for ethanol concentration showed main effects of genotype (F (1,136) ϭ 5.35; p ϭ 0.027) and ethanol concentration (F (4,136) ϭ 7.33; p Ͻ 0.001). Ca v 2.2 null mice also showed reduced ethanol preference (Fig. 3B) . Analysis of ethanol preference by two-way 4 Figure 1 . Decreased sensitivity to the hypnotic effect of ethanol in mice lacking Ca v 2.2. A, Loss of the righting reflex duration in mice given 3.6 gm/kg ethanol intraperitoneally (n ϭ 11 wild-type and n ϭ 12 Ca V 2.2 null mice). B, Mean blood alcohol levels at the time mice regained the righting reflex (n ϭ 11 wild-type and n ϭ 12 Ca V 2.2 null mice). C, The threshold dose of ethanol required to induce loss of righting reflex (values are mean Ϯ 95% confidence interval; n ϭ 6 per genotype). D, Blood alcohol clearance after an intraperitoneal injection of 4 gm/kg ethanol (n ϭ 6 per genotype).
ANOVA with a between-subjects factor for genotype and a repeated measure for ethanol concentration also showed an effect of genotype (F (1,136) ϭ 4.23; p ϭ 0.047) and ethanol concentration (F (4,136) ϭ 43.20; p Ͻ 0.001). Consumption of bitter (quinine) or sweet (saccharin) solutions did not differ between genotypes, indicating that these results are specific for ethanol (Fig. 3C) . We also monitored baseline 24 hr water consumption by allowing mice access to two water bottles. No genotypic differences were seen (data not shown), consistent with a previous report that water and food consumption are normal in Ca v 2.2 null mice (Beuckmann et al., 2003) .
Conditioned place preference for ethanol is altered in Ca v 2.2 null mice
Ca v 2.2 null mice may consume less ethanol than wild-type mice because they find it less rewarding and are thus not motivated to consume it or, conversely, because they find it more rewarding at a lower dose and thus require less ethanol to achieve satiety. To investigate these possibilities, we examined ethanol-induced place conditioning (Fig. 4 A, B) , which measures an animal's preference for a context associated with administration of a drug (Tzschentke, 1998) . We trained animals with 2 gm/kg ethanol, a dose that establishes strong place preference in mice (Risinger et al., 2001; Dickinson et al., 2003) . Wild-type mice showed a robust place preference for ethanol ( p ϭ 0.0093; Wilcoxon signed rank test) that was completely absent in Ca v 2.2 null mice ( p Ͼ 0.05). However, Ca v 2.2 null mice did develop place preference at a lower dose of ethanol (1.2 gm/kg) that did not produce place preference in wild-type mice ( p ϭ 0.0068 for Ca V 2.2 null mice and p Ͼ 0.05 for wild-type mice; Wilcoxon signed rank tests). Neither genotype developed place preference at a higher dose of ethanol (2.8 gm/kg).
Conditioned taste aversion is attenuated in Ca v 2.2 null mice
In addition to its rewarding properties, ethanol has aversive effects, which can also be assayed using classical conditioning paradigms (Cunningham and Henderson, 2000) . Having established that the rewarding effects of ethanol are altered in Ca v 2.2 null mice, we next investigated the aversive properties of ethanol using a conditioned taste aversion assay with ethanol as the unconditioned stimulus and 1.2% NaCl as the CS. Using 1.2% NaCl as the CS is thought to measure genuine aversion to ethanol, rather than reward, which may be measured using saccharin as the CS (Grigson, 1997; Risinger and Boyce, 2002; Chester et al., 2003) . After commencement of ethanol treatment, both genotypes rapidly developed conditioned taste aversion. Analysis of these data by two-way repeated ANOVA showed significant effects of trial (F (7, 126) ϭ 18.406; p Ͻ 0.001) and genotype (F (1,126) ϭ 7.582; p ϭ 0.013), with the magnitude of conditioned taste aversion being significantly reduced in Ca v 2.2 null mice compared with their wild-type littermates (Fig. 4C) .
Influence of genetic background
The expression of ethanol-related behaviors in mutant mouse lines can be influenced by the genetic background (Bowers et al., 1999) . The mice used in these experiments were C57BL/ 6J ϫ 129/SvJae F1 hybrids. Although the C57BL/6J parents of these mice had been backcrossed into the C57BL/6J lineage for 10 generations, there still remained a slight possibility that the Ca v 2.2 null phenotype might be attributable to cosegregation of genes near the Ca V 2.2 locus derived from the 129/SvJae background, and not a consequence of the null mutation. To confirm that the phenotype we had observed with the Ca v 2.2 null hybrid mice was attributable to absence of the Ca v 2.2 gene, we studied inbred 129/SvJae Ca v 2.2 null and wild-type mice because these mice are genetically identical, except for the Ca v 2.2 allele. We used a measure of acute response: loss of the righting reflex. Inbred 129/SvJae mice showed the same phenotype as their F1 hybrid counterparts; Ca v 2.2 null showed decreased duration of ethanol-induced loss of the righting reflex compared with wildtype littermates (mean duration Ϯ SEM: wild type, 128 Ϯ 19.3; null mice, 52.56 Ϯ 7.3; p Ͻ 0.05 by two-tailed t test).
Discussion
Our study set out to investigate the behavioral responses to ethanol in mice lacking functional N-type calcium channels, based on in vitro data showing that acute ethanol treatment inhibits N-type calcium channels (Solem et al., 1997) and chronic ethanol treatment increases N-type calcium channel density (McMahon et al., 2000) . We observed that, compared with their wild-type littermates, Ca v 2.2 null mice showed a substantially reduced response to hypnotic doses of ethanol but a slightly increased response to a lower dose of ethanol that induces ataxia. Compared with wild-type littermates, these mice also voluntarily consumed less alcohol, developed place preference at a lower dose of ethanol, and were less sensitive to the aversive effects of ethanol. Thus, our results demonstrate for the first time that N-type calcium channels modulate several behavioral responses to ethanol.
Behavioral experiments using a pharmacological manipulation of N-type calcium channels are difficult because currently available inhibitors cause motor impairment when injected into mice (Olivera et al., 1994) . Despite this, a previous study investigating the role of N-type calcium channels in hypnotic responses to ethanol showed that intraventricular administration of the N-type calcium channel antagonist -conotoxin GVIA, which by itself is not hypnotic, dose dependently prolongs the ethanolinduced loss of the righting reflex in food-deprived rats (Brown et Figure 2 . Ethanol-induced ataxia in Ca v 2.2 null mice. There was no difference between genotypes in the latency to fall from a rotarod rotating at a fixed rate of 20 rpm after an intraperitoneal injection of 1.5 gm/kg ( A) or 2 gm/kg ( B) ethanol. C, On the accelerating rotarod, Ca v 2,2 null mice showed a significantly increased latency to fall after 2 gm/kg ethanol. n ϭ 10 per genotype for A-C.
al., 1993). These results, together with previous work demonstrating that acute ethanol exposure inhibits N-type calcium channels (Wang et al., 1991; Solem et al., 1997) , suggest that inhibition of N-type calcium channels promotes to the hypnotic effects of ethanol.
If inhibition of N-type calcium channels facilitates ethanolinduced hypnosis, then animals that lack N-type channels should show a reduced hypnotic response to ethanol. Indeed, in the current study, we found that Ca V 2.2 null mice showed a 70% decrease in the duration of the ethanol-induced loss of the righting reflex and a 22% increase in the threshold ethanol dose that induces a loss of the righting reflex when compared with wildtype mice. The much greater effect of gene deletion on loss-ofrighting reflex duration compared with the threshold dose required to induce a loss of the righting reflex suggests that N-type channels may modulate not only to initial sensitivity but also acute tolerance to the hypnotic effect of ethanol.
Ethanol-induced loss of the righting reflex assesses the response to high, anesthetic doses of ethanol. To examine the response to a lower intoxicating dose, we measured ethanolinduced ataxia. Interestingly, Ca v 2.2 null mice displayed an increase in ethanol-induced ataxia compared with wild-type littermates. This increase was modest, present only when mice were tested on an accelerating rotarod, but not on a fixed-rate apparatus. Ethanol-induced ataxia and ethanol-induced loss of the righting reflex are, like many ethanol-associated behaviors, genetically distinct: the level of response to ethanol in one assay does not necessarily correlate with the level of response in the other. This has been demonstrated using inbred strains of mice (Dudek and Phillips, 1990; Crabbe et al., 1994) and rats (Radcliffe et al., 2000) . Our data suggest that N-type channels play a minor role in the effects of ethanol on coordination but a major role in the hypnotic effects of ethanol. These findings demonstrate that the ethanol phenotype of Ca v 2.2 null mice is not simply attributable to a global, unidirectional change in acute response but is behavior specific.
Alcoholism is a disease with a substantial genetic component, and as a consequence, many different knock-out and transgenic mouse lines have been screened for altered responses to ethanol. The dominant pattern in these studies is an inverse correlation between changes in the acute intoxicating properties of ethanol, usually assayed by loss of the righting reflex, and changes in voluntary ethanol consumption (Thiele et al., 1998 (Thiele et al., , 2000 (Thiele et al., , 2002 Hodge et al., 1999; Weinshenker et al., 2000; Wand et al., 2001; Naassila et al., 2002 Naassila et al., , 2004 Spanagel et al., 2002) . This relationship resembles observations in some children of human alcoholics, in which a low level of subjective response and a reduced level of postural instability induced by a three-drink alcohol challenge correlates with increased likelihood of future alcohol abuse or dependence (Schuckit, 1994) .
According to these patterns, the higher threshold and shorter duration shown by Ca v 2.2 null mice in loss-of-righting reflex experiments would predict increased voluntary ethanol consumption in Ca v 2.2 null mice. Instead, the amount of ethanol consumed by these mice was significantly reduced compared with wild-type animals. This striking result led us to investigate the motivational effects of ethanol in Ca v 2.2 null mice. We observed that Ca v 2.2 null mice developed place preference for a low dose of ethanol (1.2 gm/kg) that is not rewarding to wild-type mice but did not develop place preference to 2 gm/kg ethanol, which was rewarding to wild-type littermates and is the standard dose used in mouse ethanol place-conditioning studies (Risinger et al., 2001; Dickinson et al., 2003) . In contrast, Ca V 2.2 null mice developed conditioned taste aversion when administered 2 gm/kg ethanol, although this was reduced in magnitude when compared with wild-type animals. These results suggest that Ca v 2.2 null mice may consume less ethanol because gene deletion has enhanced ethanol reward, thereby requiring less ethanol to achieve the same effect normally produced in wild-type mice, whereas larger volumes of ethanol produce only aversive effects. These findings also suggest that the level of response to a hypnotic dose of ethanol is not a reliable predictor of alcohol consumption and preference. It would be worthwhile in future studies of ethanol responses in transgenic mouse lines to investigate whether the level of ethanol induced in coordination is a better predictor of drinking behavior, because it appears to be in some humans with a family history of alcoholism.
Our results indicate that N-type channels contribute to multiple aspects of ethanol-induced behavior, suggesting that there may be several mechanisms by which ethanol and N-type calcium channels interact. One appears to involve direct inhibition of N-type channels by ethanol, as we have shown previously in PC12 cells (Solem et al., 1997) and as has been demonstrated recently in a brain slices (Maldve et al., 2004) . These findings indicate that N-type calcium channels are an important molecular target for ethanol and predict that some of the behavioral effects of ethanol will be blunted by removing this target, as we observed in Ca v 2.2 null mice.
Other evidence suggests that N-type calcium channels act indirectly to mediate responses to ethanol. For example, ethanol stimulates release of ␤-endorphin from primary cultures of hypothalamic neurons, and this is prevented by pretreatment with -conotoxin GVIA, which does not alter basal release from these cells . This suggests that N-type channels contribute to ethanol activation of the opioid system. N-type calcium channels also regulate the release of neurotransmitters that bind to receptor-gated ion channels modulated by ethanol. For example, N-type calcium channels regulate the release of glutamate (Gruner and Silva, 1994) , the actions of which at NMDA receptors are inhibited by ethanol (Allgaier, 2002) . This is thought to be important for several different behavioral responses to ethanol (Krystal et al., 2003) . N-type calcium channels also modulate the release of GABA (Momiyama and Koga, 2001) , and interactions between ethanol and GABA at GABA A receptors contribute to acute behavioral effects of alcohol (Davies, 2003) .
N-type channels may also indirectly influence behavioral responses to ethanol through interactions with neural systems in-4 Figure 4 . Altered motivational effects of ethanol in Ca v 2.2 null mice. A, Wild-type mice showed robust conditioned place preference for 2 gm/kg ethanol but not for higher (2.8 gm/kg) or lower (1.2 gm/kg) doses, whereas Ca v 2.2 null mice ( B) showed place preference for 1.2 gm/kg ethanol but not for higher doses (n ϭ 10 -18 per genotype at each dose). C, Ethanolconditioned taste aversion was reduced in Ca v 2.2 null mice compared with wild-type mice. Data shown are mean daily consumption of 1.2% NaCl for 7 d after injection of saline and then individual trials after ethanol (2 gm/kg) injection (*p Ͻ 0.05 compared with saline;
† p Ͻ 0.05 compared with wild type; n ϭ 10 per genotype).
volved in drug reward and reinforcement. N-type calcium channels are modulated by G-protein-coupled receptors for neuropeptides and neurotransmitters known to play significant roles in ethanol reward, such as opioids (Kitamura et al., 2002; Hjelmstad and Fields, 2003) , cannabinoids (Twitchell et al., 1997) , and dopamine (Momiyama and Koga, 2001) . Consistent with the importance of these receptors in ethanol selfadministration is the finding that mice deficient in CB1 cannabinoid (Naassila et al., 2004) , -opioid (Roberts et al., 2000) or D2 dopamine receptors (Phillips et al., 1998) consume less alcohol than wild-type littermates. Activation of these receptors can inhibit N-type calcium channels through release of ␤␥ subunits (Feng et al., 2001) , which appear to be important in promoting ethanol self-administration (Yao et al., 2002) .
In summary, deletion of N-type calcium channels altered acute behavioral responses to ethanol, producing a slight increase in ethanol-induced ataxia and a substantial decrease in ethanolinduced hypnosis. Most importantly, deletion of N-type channels caused mice to voluntarily consume less alcohol and experience reward at lower ethanol doses. These findings indicate that the N-type calcium channel may be an attractive pharmacological target for alcoholism, because inhibitors of these N-type channels might reduce ethanol consumption.
